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Automated Verification Framework Coq

User extensible.
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BEDROCK

Automated Verification Framework Coq

What we learned

How we built it about reflective

automation.
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BEDROCK Tour

Definition bstM := bmodule "bst"
bfunction "lookup"("s", "k", "tmp") [LookupS]
NS ¢ mghs
[Ex s, Ex t,
PRE[V] bst’ s t (V "s") * mallocHeap
POST[R] [ (V "k" € s) \isR ] * bst’ s t (V "s") * mallocHeap]
While ("s" #0) {
"tmp" < "s" + 4;;
"tmp" <— * "tmp";;
£ (" = rempr) {
(x Key matches! *)
Return 1
} else {
If ("k" < "tmp") {
(* Searching for a lower key *)
N ¢ 4 ngn
} else {
(* Searching for a higher key *)
ngm o mgn 1 g
Nt ¢ 4 ngn
}
}
B
Return 0

end }}.

v
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BEDROCK Tour

Definition bstM := bmodule "bst" {{
bfunction "lookup"("s", "k", "tmp") [loojmms _— e .
(TIPSR Hoare logic-like specifications
[Ex s, Ex t,

2 PRE[V] bst’ s t (V "s") % mallocHeap
Imperatlve code POST[R] [ (V "k" € s) \isR ] * bst’ s t (V "s") x mallocHeap]
While ("s" # 0) {

"tmp" < "s" + 4;; - -
"tmp" < "tmp";; Separation logic
£ (k" = "emp) {
(x Key matches! *)
Return 1
} else {
If ("k" < "tmp") {
(* Searching for a lower key *)
gl ¢ 4 ngh
} else {
(* Searching for a higher key *)
ngt ¢ ugn 4 g
Hgt ¢ 4 ngh
}
}
B
Return 0

end }}.

3

v
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BEDROCK Tour

Definition hints : TacPackage.
prepare (bst_fwd, nil_fwd, cons_fwd) (bst_bwd, nil_bwd, cons_bwd).
Defined.

Definition bstM := bmodule "bst"
bfunction "lookup"("s", "k", "tmp") [LookupS]
NS ¢ mghs
[Ex s, Ex t,
PRE[V] bst’ s t (V "s") * mallocHeap
POST[R] [ (V "k" € s) \isR ] * bst’ s t (V "s") * mallocHeap]
While ("s" #0) {
"tmp" < "s" + 4;;
"tmp" <— * "tmp"
£ (k" = "tmp") {
(x Key matches! *)
Return 1
} else {
If ("k" < "tmp") {
(* Searching for a lower key *)
N ¢ 4 ngn
} else {
(* Searching for a higher key *)
ngm o mgn 1 g
Nt ¢ 4 ngn
}
}

Verification

Theorem bstMOk : moduleQk bstM.
Proof. vcgen; abstract (sep hints; auto). Qed.
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BEDROCK Tour

Definition hints : TacPackage.
prepare (bst_fwd, nil_fwd, cons_fwd) (bst_bwd, nil_bwd, cons_bwd).
Defined.

eyl | scr-extensible hints
bfunction "lookup™("s", "k", "tmp") |LookupS]|
g ¢ Mgt
[Ex s, Ex t,
PRE[V] bst’ s t (V "s") * mallocHeap
POST[R] [ (V "k" € s) \isR ] * bst’ st (V "s") x mallocHeap]
While ("s" # 0) {
"tmp" < "s" + 4;;
"tmp" <— * "tmp";;
£ (" = "tmp) {
(x Key matches! *)
Return 1
} else {
If ("k" < "tmp") {
(* Searching for a lower key *)
Hgh g Mgt
} else {
(* Searching for a higher key *)
ngn ¢ wgn | g
HEh ¢ g Mgt
}
}
I
Return 0
end }}. Automation

Theorem bstMOk : moduleQk byl
Proof. vcgen; abstract (sep'hints; auto). Qed.

v
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Proofs By Tactics

(Goal) tectics (Goal)

X Hard work!
X Big proofs!
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Proofs By Ltac

(Goal) Itac (Goal)

v" Automatic
X Big proofs!
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Proofs By Reflection
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Proofs By Reflection

eXpr | > Prover » SXpr
exprD exprD
Symtax_ ).
Semantics
Y A\
(Goal) (Goal)
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Proofs By Reflection

eXpr | > Prover » SXpr

exprD : exprD
1

Syntax Prover

Semantics Soundness
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Proofs By Reflection

eXpr | > Prover » SXpr

exprD : exprD
1
Syntax | Prover | |
Semantics Soundness
T
1
1
Y \ Y
<Goa|> ’ apply Prover_sound. <Goa|>
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Proofs By Reflection

expr | > Prover » SXpr

t exprD : exprD
1
Syntax L Prover | |
Semantics Soundness
T
reify !
Y \ Y
<Goa|> ’ apply Prover_sound. <Goa|>
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Proofs By Reflection

t exprD : exprD
1
Syntax L Prover | |
Semantics Soundness
T
reify !
Y \ Y
<Goa|> ’ apply Prover_sound. <Goa|>

v" Automatic
v" Small proofs
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Verifying a Proof Framework

Qutline
@ Term Representation @)Implementation Dependency
expr >~ Prover > eXpr
. J N L
exprD @ Composition exprD
1
Syntax L Prover | |
Semantics Soundness
T
O reify !
Y \ Y
<Goa|> ’ apply Prover_sound. <Goa|>

Gregory Malecha (Harvard SEAS)

Building Bedrock

Coq Workshop — Aug 13, '12
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\ENITEN ISR EIN WMl  Term Representation

Outline: Term Representation

@ Term Representation

expr >~ Prover > expr
|
3
exprD exprD
Syntax L Prover | |
Semantics Soundness
.
1
A v v
<Goa|> ’ apply Prover_sound. <Goa|>
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Coq Workshop — Aug 13, '12
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Representing Terms

Variable ts : list Type.

Inductive expr : Type :=

| Const: V t, tvarD ts t — expr

| Var : nat — expr

| UVar : nat — expr

| Func: nat — list expr — expr

| Equal : tvar — expr — expr — expr.
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Representing Terms

Type environment

Variable ts : list Type. . .
s e 3 T = Type denotation function
| Const: V t, tvarD ts t — expr
| Var : nat — expr
| UVar : nat — expr
| Func: nat — list expr — expr

Equal : tvar — expr — expr — expr.

i 2 i P
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Representing Terms

Variable ts : list Type. Variable fs : functions ts.
Inductive expr : Type := Variable menv venv : env ts.

| Const: V t, tvarD ts t — expr Fixpoint exprD (e : expr) (t : tvar):
| Var : nat — expr option (tvarD ts t) :=

| UVar : nat — expr match e with

| Func : nat — list expr — expr | Const t' ¢ =

| Equal : tvar —» expr — expr —» expr. cast_or_failt t' c

| Var x = lookupAs venv t x
UVar x = lookupAs menv t x
| Func f xs =
match nth_error fs f with
| None = None
| Some f =
cast_or_fail t (Range f)
(applyD exprD _ xs _ (Impl £))

end
| Equaltlr = ...
end.
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Representing Terms

Variable ts : list Type. Variable fs : functions ts.

Inductive expr : Type := Variable menv venv : env ts.

| Const: V t, tvarD ts t — expr Fixpoint exprD (e : expr) (t : tvar):
| Var : nat — expr option (tvarD ts t) :=

| UVar : nat — expr match =&k

| Func: nat — list expr — expr | Co
| Equal : tvar —» expr — expr —» expr. cast_or_failtt'c

| Var x = lookupAs venv t x
UVar x = lookupAs menv t x
| Func f xs =
match nth_error fs f with
| None = None
| Some f =
cast_or_fail t (Range f)
(applyD exprD _ xs _ (Impl £))

end
| Equaltlr = ...
end.
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Representing Terms

Variable ts : list Type. Variable fs : functions ts.
Inductive expr : Type := Variable menv venv : env ts.

| Const: V t, tvarD ts t — expr Fixpoint exprD (e : expr) (t : tvar):
| Var : nat — expr option (tvarD ts t) :=

| UVar : nat — expr match e with

| Func : nat — list expr — expr | Const t' ¢ =

| Equal : tvar —» expr — expr —» expr. cast_or_failt t' c

| Var x = lookupAs venv t x
UVar x = lookupAs menv t x
| Func f xs =
match nth_error fs f with
| None = None
| Some f =
cast_or_fail t (Range f)
(applyD exprD _ xs _ (Impl £))

end

Dependent types = |quual tlr = ..
. enda.
many choices... >
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Other Choices?

Minimal
Total X
Simple v
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\ENITEN ISR EIN WMl  Term Representation

Other Choices?

Minimal Full
Total X
Simple v

Gregory Malecha (Harvard SEAS)

Building Bedrock

Full Dependency

Variable ts : 1list Type.

Variables uenv venv : list tvar.
Variable fs : functions.
Inductive expr : tvar — Type :=

| Const : Vt, tvarD tst — expr t
| UVar : V t, Mem t uenv — expr t

Fixpoint exprD t (e:expr t)
: tvarD ts t 1= ...

Coq Workshop — Aug 13, '12 8 /19



Other Choices?

Full Dependency More dependency

Variable ts : list T3/e.

Variables uenv venv : list tvar.
Variable fs : functions.

Inductive expr : tvar — Type :=

| Const : Vt, tvarD tst — expr t
| UVar : V t, Mem t uenv — expr t

Minimal Full | Ltvoed!
erms are well- ed!
T mal Py

Simple v X Fixpoint exprD t (e:expr t)
: tvarD ts t = ...

— —
Complex implementation
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\ENITEN ISR EIN WMl  Term Representation

Other Choices?

Minimal Full
Total X v
Simple v X
Fast v X

@ More reduction for casts

Gregory Malecha (Harvard SEAS)

Full Dependency

Variable ts : 1list Type.

Variables uenv venv : list tvar.
Variable fs : functions.
Inductive expr : tvar — Type :=

| Const : Vt, tvarD tst — expr t
| UVar : V t, Mem t uenv — expr t

Fixpoint exprD t (e:expr t)
: tvarD ts t 1= ...

~20% speedup
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Outline: Composition

expr | > Prover » ©Xpr

A .
exprD @ Composition exprD

1

Syntax L Prover | |

Semantics Soundness
T
1
1

Y \ Y
<Goa|> ’ apply Prover_sound. <Goa|>
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Proving

Constant Fold +

Variable ts : list Type.
Fixpoint cfp (e : expr ts) : expr ts =
match e with
| Const _ _| Var _ | UVar _ = e
| Func f args =
match £ , map cfp args with
| 0, [Const 01, Const 0 r] =
Const 0 (1 + 1)
| _, args = Func f args
end
end.
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Proving

Constant Fold +

Variable ts : list Type.
Fixpoint cfp (e : expr ts) : expr ts =
match e with
| Const _ _| Var _ | UVar _ = e
| Func f args =
match £ , map cfp args with
| 0, [Const 01, Const 0 r] =
Const 0 (1 + 1)
| ____arcs W Func f ares

3¢ Bad Type! tvarD ts 0

end.
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Proving

mm_—

Let ts := nat :: ni
Fixpoint cfp ( : expr ts) : expr ts =
match e with
| Const _ _| Var _ | UVar _ = e
| Func f args =
match £ , map cfp args with
| 0, [Const 01, Const 0 r] =
Const 0 (1 + 1)
| _, args = Func f args
end
end.
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Verifying a Proof Framework Composition

Proving

EEEE — T

Let ts := nat :: ni
Fixpoint cfp ( : expr ts) : expr ts =
match e with
| Const _ _| Var _ | UVar _ = e
| Func f args =
match £ , map cfp args with

| 0, [Const 01, Const 0 r] =
Const 0 (1 + 1)
| _, args = Func f args
end
end.

4

Let ts (=

Fixpoint cflt (e :

match e with

| Const

nat :: bool :: nil.
expr ts) . expr ts =
__| Var _ | UVar _ = e

| Func f args =

end.

match f ,

end

map cflt args with
[Const 01, Const O r] =

Const 1 (1tb 1 r)

_, args = Func f args

...but it doesn't compose any more!

Gregory Malecha (Harvard SEAS)

Building Bedrock

Coq Workshop — Aug 13, '12

10 / 19



Verifying a Proof Framework Composition

Proving

CrEC . T

Let ts := nat :: nil Let ts := nat :: bool :: nil.
Fixpoint cfp ( 3 expr ts) : expr ts = Fixpoint cflt (e . expr ts) . expr ts =
match e with match e with
| Const _ _| Var _ | UVar _ = e | Const _ _| Var _ | UVar _ = e
| Func f args = | Func f args =
match £ , map cfp args with match £ , map cflt args with

| 0, [Const 01, Const 0r] = |
Const 0 (1 + 1)
| _, args = Func f args |

end
end.

end
end.

4

[Const 01, Const O r] =
Const 1 (1tb 1 1)
_, args = Func f args

Composition

Definition compose T (f g: T — T)

...but it doesn't compose any more!

T — T:=funx = £ (g x).

Gregory Malecha (Harvard SEAS)

Building Bedrock

Coq Workshop — Aug 13, '12




Achieving Composition

@ Need to state “all environments with nat at 0

Propositional

Variable ts : list Type.
Hypothesis natAtO : tvarD 0 ts = nat.
Fixpoint cfp (e : expr ts) : expr ts :=
match e with
| Const _ _| Var _ | UVar _ = e
| Func f args =
match £ , map red args with
| 0, [Const 01, Const 0 r] =
match natAt0 in _ =t
return t — t — expr ts with
| refl_equal = funlr =
Const 0 (match sym_eq natAtO

in _ = t return t with
| refl_equal = (1 + r)
end)
end1lr
| _, args = Func f args
end
end. )
Coq Workshop — Aug 13, '12 1 /19
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Verifying a Proof Framework Composition

Achieving Composition

@ Need to state “all U ERTkM/ith nat at 0"

o satisfy th
Update e A
requirement
Variable ts': list Typs
Let ts := repr (Some nat :: nil) ts’.
Fixpoint cfp (e : expr ts) : expr ts :=
match e with
| Const _ _| Var _ | UVar _ = e
| Func f args =

match £ , map red args with
| 0, [Const 01, Const 0 r] =

Const 0

(L +71)

| _, args = Func f args
end
end.
”
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Achieving Composition

@ Need to state “all environments with nat at 0"

Update Environment Constraints

Variable ts' : list Type. Variable T : Type.
Let ts := repr (Some nat :: nil) ts’. Variable default : T.
Fixpoint cfp (e : expr ts) : expr ts :=
match e with Fixpoint repr (rep : list (option T)) :
| Const _ _| Var _ | UVar _ = e list T — list T :=
| Func f args = match rep with
match £, map red args with | nil = fun x = x
| 0, [Const 01, Const 0 r] = | None :: rep = fun x =
hd default x :: repr rep (tl x)
| Some v : rep = funx =
v i repr rep (tl x)
Const 0 end.
v
(1+1)

| _, args = Func f args
end
end.

y
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Achieving Composition

@ Need to state “all environments with nat at 0"

Update Environment Constraints

Variable ts' : list Type. Variable T : Type.
Let ts := repr (Some nat :: nil) ts’. Variable default : T.
Fixpoint cfp (e : expr ts) : expr ts :=
match e with Fixpoint repr (rep : list (option T)) :
| Const _ _| Var _ | UVar _ = e list T — list T :=
| Func f args = match rep with
match £, map red args with | nil = fun x = x
| 0, [Const 01, Const 0 r] = | None :: rep = fun x =

hd default x :: repr rep (tl x)
| Some v : rep = funx =

v i repr rep (tl x)
Const 0 end.

4

@

repr | (repr r Is) = repr r (repr | Is)
repr | (repr I Is) = repr [ Is

| _, args = Func f args
end
end.

y
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Verifying a Proof Framework Composition

Achieving Composition

@ Need to state “all environments with nat at 0"

Variable ts': list Type.
Let ts := repr (Some nat :: nil) ts’.

Fixpoint cfp (e : expr ts) : expr ts :=
match e with
| Const _ _| Var _ | UVar _ = e

| Func f args =
match £ , map red args with
| 0, [Const 01, Const 0 r] =

Const 0
(1+71)
| _, args = Func f args

end
end.

y

Gregory Malecha (Harvard SEAS)

Building Bedrock

Variable T : Type.
Variable default : T.

E—— | Implementation
ixpoint re| i i
R avoids getting stuck
match rep [IIIVETEEYeIISS

| None fun x =
hd default x ::/repr rep (tl x)
| Some v : rep = funx =

v i repr rep (tl x)
end.

Propertie

repr | (repr r Is) = reprr (repr/ Is)
repr | (repr I Is) = repr [ Is

Coq Workshop — Aug 13, '12 1 /19



Verifying a Proof Framework Composition

Composition with repr

Definition rep_plus := [Some nat].
Definition cfp : V ts’,
let ts := repr rep_plus ts' in
expr ts — expr ts.

Definition rep_lt:=[Some nat,Some bool].
Definition cflt : V ts’,

let ts := repr rep_lt ts’ in

expr ts — expr ts.

Gregory Malecha (Harvard SEAS)

Building Bedrock Coq Workshop — Aug 13, '12 12 /19



Verifying a Proof Framework Composition

Composition with repr

Definition rep_plus := [Some nat].
Definition cfp : V ts’,
let ts := repr rep_plus ts' in
expr ts — expr ts.

fun ts' = cfp (repr rep_lt ts')
: Vts',

let ts:=repr rep_plus (repr rep_lt ts’)
in expr ts — expr ts.

Definition rep_lt:=[Some nat,Some bool].
Definition cflt : V ts’,

let ts := repr rep_lt ts’ in

expr ts — expr ts.

fun ts' = cflt (repr rep_plus ts’)

: Vots',
let ts:=repr rep_lt (repr rep_plus ts')
in expr ts — expr ts.

Gregory Malecha (Harvard SEAS)

Building Bedrock

Coq Workshop — Aug 13, '12 12 /19




Verifying a Proof Framework Composition

Composition with repr

Definition rep_plus := [Some nat].
Definition cfp : V ts’,
let ts := repr rep_plus ts' in
expr ts — expr ts.

fun ts' = cfp (repr rep_lt ts')

: YV ts',
let ts:=repr rep_plus (repr rep_lt ts')
in expr ts — expr ts.

repr / (repr r Is) =

Gregory Malecha (Harvard SEAS)

Building Bedrock

Definition rep_lt:=[Some nat,Some bool].
Definition cflt : V ts’,

let ts := repr rep_lt ts’ in

expr ts — expr ts.

fun ts' = cflt (repr rep_plus ts’)

1V ts',

let ts:=repr rep_lt (repr rep_plus ts')
in expx ts — expr ts.

repr r (repr [ Is)

Coq Workshop — Aug 13, '12 12 /19




Verifying a Proof Framework Composition

Composition with repr

Definition rep_plus := [Some nat].
Definition cfp : V ts’,
let ts := repr rep_plus ts' in
expr ts — expr ts.

Definition rep_lt:=[Some nat,Some bool].
Definition cflt : V ts’,

let ts := repr rep_lt ts’ in

expr ts — expr ts.

fun ts' = cfp (repr rep_lt ts') f
: YV ts', :
let ts:=repr rep_plus (repr rep_lt ts')
in expr ts — expr ts.

un ts' = cflt (repr rep_plus ts’)
1V ts',

let ts:=repr rep_lt (repr rep_plus ts')
in expx ts — expr ts.

repr [ (repr r Is) = repr r (repr | Is)

fun ts = @compose (expr (repr (rep_combine rep_plus rep_lt) ts))

(ctp (repr rep.lt ts)) (cflt (repr rep_plus ts))
V ts, repr (repr (rep_combine rep_plus rep_lt) ts)
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Verifying a Proof Framework Composition

Composition with repr

Definition rep_plus := [Some nat].
Definition cfp : V ts’,
let ts := repr rep_plus ts' in
expr ts — expr ts.

Definition rep_lt:=[Some nat,Some bool].
Definition cflt : V ts’,

let ts := repr rep_lt ts’ in

expr ts — expr ts.

fun ts' = cfp (repr rep_lt ts')

: YV ts',
let ts:=repr rep_plus (repr rep_lt ts')
in expr ts — expr ts.

fun ts' = cflt (repr rep_plus ts’)

1V ts',
let ts:=repr rep_lt (repr rep_plus ts')
in expr ts — expr ts.

fun ts = @compose (expr (repr (rep_combine « ) ts))

(ctp (repr S ts)) (cflt (repr « ts)) =
V ts, repr (repr (rep_combine « f3) ts) ilkypee 17 @

and 3 are

computationally
compatible.
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Verifying a Proof Framework Dependent Functions

Outline: Implementation Dependency

@ ! mplementation Dependency

expr | > Prover

A
exprD
Syntax L Prover | |
Semantics Soundness
T
1
1
\ \ Y
(Goal) ’ apply Prover_sound.

Gregory Malecha (Harvard SEAS) Building Bedrock

>~ €Xpr

exprD

Coq Workshop — Aug 13, '12
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The Burden of (Building) Proofs

@ Dependent types are convenient...

if eq_nat.dec x y
thenx =yelsex #y
> destruct (eq-nat_dec x y).
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The Burden of (Building) Proofs

@ Dependent types are convenient...

I Vx v, {x =y} + {x # y}
if eq_nat.dec x y
thenx =yelsex £y

> destruct (eq-nat_dec x y).
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The Burden of (Building) Proofs

@ Dependent types are convenient...

if eq_nat.dec x y
thenx =yelsex #y
> destruct (eq-nat_dec x y).

...but constructing & eliminating proofs can be expensive.

Dependent

Definition dep x y :=
if eq_nat_dec xy
then true else false.
Eval compute in (dep 10000 10000).

‘ Dep
compute | 0.252
lazy | 0.424
hnf 00
Gregory Malecha (Harvard SEAS) Building Bedrock Coq Workshop — Aug 13, '12
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The Burden of (Building) Proofs

@ Dependent types are convenient...

if eq_nat.dec x y
thenx =yelsex #y
> destruct (eq-nat_dec x y).

...but constructing & eliminating proofs can ke axooncive
nat — nat — bool

Dependent

Non-dependent

Definition dep x y := Eval compute in (beq_nat 10000 10000).
if eq_nat_dec xy
then true else false.

Eval compute in (dep 10000 10000).

‘ Dep
compute | 0.252
lazy | 0.424

hnf 00

Gregory Malecha (Harvard SEAS) Building Bedrock Coq Workshop — Aug 13, '12 14 /19



The Burden of (Building) Proofs

@ Dependent types are convenient...

if eq_nat.dec x y
thenx =yelsex #y
> destruct (eq-nat_dec x y).

...but constructing & eliminating proofs can be expensive.

Dependent

Non-dependent

Definition dep x y := Eval compute in (beq_nat 10000 10000).
if eq_nat_dec xy
then true else false.

Eval compute in (dep 10000 10000).

Dep Non-dep Speedup

compute | 0.252 0.012 ~21x
lazy | 0.424 0.044 ~10x
hnf 00 41 o0

Gregory Malecha (Harvard SEAS) Building Bedrock Coq Workshop — Aug 13, '12 14 /19



The Burden of (Building) Proofs

@ Dependent types are convenient...

if eq_nat.dec x y
thenx =yelsex #y
> destruct (eq-nat_dec x y).

...but constructing & eliminating proofs can be expensive.

Dependent

Non-dependent

Definition dep x y := Eval compute in (beq_nat 10000 10000).
if eq_nat_dec xy
then true else false.

Eval compute in (dep 10000 10000).

Dep Non-dep Speedup

compute | 0.252 0.012 ~21x
lazy | 0.424 0.044 ~10x
hnf 00 41

15% overall speedup!
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The Burden of (Building) Proofs

@ Dependent types are convenient... Annoying to reason about!

if beq_nat x y

thenx =yelsex #y m
> destruct (beq-nat x y)

...but constructing & eliminating proofs can be expensive.

Dependent

Non-dependent

Definition dep x y := Eval compute in (beq_nat 10000 10000).
if eq_nat_dec xy
then true else false.

Eval compute in (dep 10000 10000).

Dep Non-dep Speedup

compute | 0.252 0.012 ~21x
lazy | 0.424 0.044 ~10x
hnf 00 41 o0

Gregory Malecha (Harvard SEAS) Building Bedrock Coq Workshop — Aug 13, '12 14 /19



Getting Simple Proofs

Non-Dependent Functions

match beq_nat x y with
| true=>x=y
| false =>x#y

end
> case_eq (beq_nat x y).
{ rewrite beq_nat_true_iff. ... }

(..}
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Getting Simple Proofs

@ ldea Connect functions and their specs with type classes!

Non-Dependent Functions
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Simple Proofs with Type Classes

@ ldea Connect functions and their specs with type classes!

Hor Dependent Sunctions

Inductive reflect (P Q : Prop)
match beq_nat x y with : bool — Type :=
| true=>x=y | refl_true : P — reflect P Q true
| false =>x#y | refl_false: Q — reflect P Q false.
end
> case_eq (beq_nat x y). Class Reflect (exp : bool) (P Q : Prop)
{ rewrite beq_nat_true_iff. ... } := { _Reflect : reflect P Q exp }.
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Simple Proofs with Type Classes

@ ldea Connect functions and their specs with type classes!

Non-Dependent Functions Type Class

Inductive reflect (P Q : Prop)
match beq_nat x y with : bool — Type :=
| true=>x=y | refl_true : P — reflect P Q true
| false =>x#y | refl_false: Q — reflect P Q false.
end
> case_eq (beq_nat x y). Class Reflect (exp : bool) (P Q : Prop)
{ rewrite beq_nat_true_iff. ... } := { _Reflect : reflect P Q exp }.

Instance Reflect_beq_nat : V x y,

Reflect (beg_nat xy) (x =y) (x # y).
Proof. ... Qed.
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Simple Proofs with Type Classes

@ ldea Connect functions and their specs with type classes!

Non-Dependent Functions

match beq_nat x y with
| true=>x=y
| false =>x#y
end
> consider (beq_nat x y); assumption.
> Qed.

Gregory Malecha (Harvard SEAS)

Building Bedrock

Type Class

Inductive reflect (P Q : Prop)
: bool — Type :=
| refl_true:P — reflect P Q true
| refl_false : Q — reflect P Q false.

Class Reflect (exp : bool) (P Q : Prop)
:= { _Reflect : reflect P Q exp }.

Instance Reflect_beq_nat : V x y,
Reflect (beg_nat xy) (x =y) (x # y).
Proof. ... Qed.

Ltac consider e :=
let ¢ := constr:(_ :
case c.

1 n . W
Type class resolution finds the spec!

Reflect £ _ _) in
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Outline: Reification

expr > Prover > €Xpr
|
3
exprD exprD
Syntax L Prover | |
Semantics Soundness
T
O reify !
Y v M
<Goa|> ’ apply Prover_sound. <Goa|>
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Verifying a Proof Framework Reification

Reifying Coq Terms

@ Reify pure & separation logic expressions with binders.

reify : (cog-term) — (ts : types x funcs x expr ts) J
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Verifying a Proof Framework

Reifying Coq Terms (Ltac)

reify : (cog-term) — (ts :

Reification

types X funcs x expr ts)

Ltac Reification

v Single language (Ltac)

Ltac reify e ts fs us k :=
match e with
| X = is_evar X ;
let t := type of X in
let T := reifyType types t in
get_var ts us T X ltac:(fun us v =
k us fs (QUVar types v))
| @eq 7T 7el 7e2 =
let T := reifyType types T in
reify el ts fs us ltac:(fun us fs el =
reify e2 ts fs us ltac:(fun us fs e2 =
k us fs (@Equal ts T el e2)))
fun x = Qeq 7T (@?el x) (@72 x) =
let T := reifyType types T in
reify el ts fs us ltac:(fun us fs el =
reify e2 ts fs us ltac:(fun us fs e2 =
k us fs (QEqual ts T el e2)))
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Reifying Coq Terms (Ltac)

reify : (cog-term) — (ts :

Reification

types X funcs x expr ts)

Ltac Reification

v Single language (Ltac)
X CPS and idtac for debugging
X 2nd order matching for binders

Continuation
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Verifying a Proof Framework

Reifying Coq Terms (Ltac)

reify : (cog-term) — (ts

Reification

: types X funcs x expr ts)

Ltac reify e ts fs us k :=
match e with

Ltac Reification

| X = is_evar X ;

let t = type of X in

v Single language (
X CPS and idtac for

X 2nd order matching for binders
X Slow!

o Re-type-check same term

constr: @Func ts f 1s)

pe types t in
ltac:(fun us v =
types v))

Type check multlple tlmes E=

k us fs (@Equal ts T el e2)))

fun x = Qeq 7T (@?el x) (@72 x) =
let T := reifyType types T in

reify el ts fs us ltac:(fun us fs el =
reify e2 ts fs us ltac:(fun us fs e2 =
k us fs (QEqual ts T el e2)))
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Verifying a Proof Framework Reification

Reifying Coq Terms (Plugin)

reify : (cog-term) — (ts : types X funcs X expr ts) ]

Plugin-based Reification
G [NETIEEN, NGRS RIGUGUERCINEE / OCaml + debugging
v Single lahguage(Ltac) r )
. v/ Manipulate open terms
X CPS and idtac for debugging

X 2nd order matching for binders
X Slow!

o Re-type-check same term
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Reifying Coq Terms (Plugin)
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— Plugin-based Reification

v OCaml + debugging
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Verifying a Proof Framework Reification

Reifying Coq Terms (Plugin)

reify : (cog-term) — (ts : types X funcs X expr ts) ]

— Plugin-based Reification

v OCaml + debugging

/' Single language (Ltac) v/ Manipulate open terms

X CPS and idtac for debugging

X 2nd order matching for binders ] ]
X Bad functor integration
X Slow!

v Fast!

e Manipulate untyped terms

X Can't return values to Ltac

o Re-type-check same term

y

y

Single type check
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Verifying a Proof Framework Reification

Reifying Coq Terms (Plugin)

reify : (cog-term) — (ts : types X funcs X expr ts) ]

Plugin-based Reification

v OCaml + debugging

v/ Manipulate open terms

Ltac Reification

v Single language (Ltac)

X CPS and idtac for debugging

_ . X Can't return values to Ltac
X 2nd order matching for binders

X Slow! X Bad functor integration

§ v Fast!
o Re-type-check Wi _
100x speedup e Manipulate untyped terms

y

40% overall
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Wrap Up

Conclusions

Automated Verification Framework in Coq

BEDROCK
http://plv.csail.mit.edu/bedrock/

@ Term Representation @) Dependent Functions

expr ~ Prover > exXpr
J
A .
exprD @ Composition exprD
1
Syntax L Prover | |
Semantics Soundness
T
O reify !
Y M Y
<Goa|> ’ apply Prover_sound. <Goa|>
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